Catalytic coatings comprising a mixture of IrO 2 and Ta 2 O 5 were prepared at 50-80 mol% Ir by thermal decomposition at 470°C, and the crystallographic structures and surface morphologies were investigated. XRD analysis and high-resolution SEM observation using low accelerated incident beam revealed that decreasing Ir ratio made a phase transition of IrO 2 from crystalline to partly amorphous, and nano IrO 2 particles of 10 nm or less and nano chains made of them, which were uniformly dispersed on the flat area of the coating, were generated at 50-60 mol% Ir. The relationship between nano-scale surface morphology of the coating and electrocatalysis for oxygen evolution in H 2 SO 4 solutions was also investigated. The active surface area and oxygen evolution current increased with reducing Ir ratio. The electrocatalysis of the IrO 2 -Ta 2 O 5 coatings for oxygen evolution is possible to be attributed to nano IrO 2 particles.
Introduction
A titanium electrode coated with iridium oxide-based or ruthenium oxide-based catalytic layer is well known as an insoluble anode for oxygen or chlorine evolution in industrial electrolysis. 1 This insoluble anode was invented by Beer as a dimensionally stable anode (DSA μ ). 2 The application covers chloroalkali electrolysis, electrogalvanizing or electrotinning of a steel, a thin film production by electrodeposition such as copper foil production, water electrolysis, and electrowinning of nonferrous metals.
IrO 2 is well known as the catalyst for oxygen evolution in aqueous solutions, 3, 4 and IrO 2 -Ta 2 O 5 /Ti anode has excellent catalytic properties for oxygen evolution and durability in acidic solutions and alkaline solutions. [38] [39] [40] Commercially available IrO 2 -Ta 2 O 5 coatings generally contain 70-80 mol% iridium and 30-20 mol% tantalum in combination with a titanium substrate, which are prepared by thermal decomposition of a precursor solution usually at a temperature of 450°C or more. The coatings obtained under such conditions are a mixture of crystalline IrO 2 and amorphous Ta 2 O 5 , which shows heterogeneous and mud-cracked surface and is known to have IrO 2 aggregates, flat areas, and cracks.
On the other hand, many researchers have demonstrated that the crystallographic structure and surface morphology of IrO 2 -Ta 2 O 5 coatings strongly depend on the nature of the precursor solution, Ir:Ta ratio, thermal decomposition temperature, coating thickness, and pretreatment of the substrate, which significantly affect the electrochemical properties and lifetime of the coatings. Trasatti, et al., showed that IrO 2 films prepared from aqueous solutions of IrCl 3 had a smaller electrochemically active surface area compared to the films from isopropyl alcohol solutions. 41 Comninellis, et al., investigated the surface morphology and electrocatalytic activity for oxygen evolution on IrO 2 -Ta 2 O 5 /Ti electrodes with a wide range of oxide composition (IrO 2 ratio = 10-100 mol%) prepared by thermal decomposition at 550°C, revealing that the obtained oxide deposit takes the form of a cobble-stone road containing agglomerates comprising epitaxial crystals of IrO 2 and the electrode with 70 mol% IrO 2 has a maximum activity and efficiency for oxygen evolution in H 2 SO 4 solutions. 8 Further analysis of the structure and composition of IrO 2 -Ta 2 O 5 films prepared by thermal decomposition with a wide range of Ir ratios and temperatures was reported by Roginskaya, et al., in which HCl based precursor solutions containing H 2 IrCl 6 or a mixture of electrochemically generated Ir(IV) and Ir(III) were used, and one or two additional rutile phases, 7-10 nm for one rutile phase and 40-70 nm for the other one, along with crystalline IrO 2 were revealed by XRD and TEM analysis. 43, 45 As for the preparation method, Takasu, et al., made fine IrO 2 -Ta 2 O 5 particles by the sol-gel method and found that the precipitates of Ir = 80 mol% obtained through the sol-gel process were converted to the binary oxide containing crystalline IrO 2 when the thermal decomposition was carried out at 500°C or higher. 44 Krysa, et al., investigated the effect of the coating thickness on the electrochemical properties of IrO 2 -Ta 2 O 5 /Ti anodes, revealing that the thick coating layer is effective for obtaining high catalytic activity as well as a long lifetime in H 2 SO 4 solutions. 11 The effects of the oxide composition, thermal decomposition temperature, coating thickness, and pretreatment of a substrate on the surface morphology of IrO 2 -Ta 2 O 5 coatings were further reported. [5] [6] [7] 12, [14] [15] [16] [17] [18] 20, 22, 24, 25, 27, 28, 34, 35, 38, 39, 47, [49] [50] [51] We have been also investigating the coating structure, morphology, electrochemical behaviors, and durability of IrO 2 -Ta 2 O 5 coatings prepared by thermal decomposition. 12, [15] [16] [17] [18] [19] [20] [21] [22] [29] [30] [31] 38, 39, [51] [52] [53] While many efforts have been already done to understand the physico-chemical properties of IrO 2 -Ta 2 O 5 binary oxides and their relationship to electrochemical properties under a wide variety of preparation conditions, the authors still keep attracting our interest on morphological features on amorphous or partly amorphous IrO 2 -Ta 2 O 5 coatings, especially on nano-scale surface morphology of those coatings. Here, we report the results on XRD analysis and SEM observation of IrO 2 -Ta 2 O 5 coatings prepared by thermal decomposition at 470°C of precursor solutions containing 50-80 mol% Ir. The relationship between nano-scale surface morphology of the coating and electrocatalysis for oxygen evolution was also investigated.
Experimental

Electrode preparation
IrO 2 -Ta 2 O 5 /Ti electrodes were prepared by thermal decomposition method. Four kinds of precursor solutions containing 50, 60, 70, or 80 mol% Ir were prepared through dissolution of H 2 IrCl 6 · 6H 2 O and TaCl 5 into n-butanol. The precursor solution also contained 6 vol% HCl as an additive and total metal (Ir + Ta) concentration was 70 g dm ¹3 . Each precursor solution was applied on a titanium substrate (1 cm © 5 cm © 1 mm) by impregnation, then dried at 120°C for 10 min, and finally fired at 470°C for 20 min. This process was repeated five times. The titanium substrate was pretreated by ultrasonic wave cleaning in acetone, and etching in 10 wt% oxalic acid solution at 90°C for 60 min, washing with distilled water, and drying before coating.
Electrochemical measurements
A conventional three-electrode cell equipped with a platinum plate counter electrode and a KCl-saturated Ag/AgCl reference electrode and a potentiostat/galvanostat (ZAHNER-Elektrik, IM6e) were used for all electrochemical measurements. The exposed surface area of the electrode was limited to be 1 © 1 cm 2 on one side by using PTFE tape. Temperature was controlled within «0.5°C using a thermostat with circulating water. Anodic polarization measurements of the IrO 2 -Ta 2 O 5 /Ti anodes were performed by cyclic voltammetry using 0.5 mol dm ¹3 H 2 SO 4 solutions. The double layer charge of the anodes was also determined by cyclic voltammetry in 0.5 mol dm ¹3 H 2 SO 4 solutions.
Surface morphology and crystallographic structure
The surface morphology of the IrO 2 -Ta 2 O 5 /Ti anodes was observed by SEM (ZEISS, Model SUPRA M 55VP), in which SEM observation with a low magnification mode was conducted using a normal SE detector and incident electron beam of 15 keV acceleration voltage, and that with a high magnification mode was performed with in-lens SE detector and 1 keV as described elsewhere. 51 Such a low acceleration voltage is advantageous to suppress the penetration of electron beam in the oxide coating so as to obtain morphological information of the outermost surface; for example, the penetration depth at 1 keV is 5 nm which is 1/8 at 15 keV. 54 A resolution at 1 keV can be achieved to 1.7 nm. X-ray diffraction with CuKA radiation (Bruker AXS Model D8 FOCUS) was performed to analyze crystallographic structure of the oxide coatings.
Results and Discussion
Crystallographic structure
IrO 2 -Ta 2 O 5 coatings prepared at a temperature below at least 600°C have amorphous Ta 2 O 5 irrespective of Ir ratio in the case of the precursor solution used in this study, 38 while the structure of IrO 2 depends on the oxide composition. Figure 1 shows diffraction patterns of IrO 2 -Ta 2 O 5 coatings prepared at 470°C, in which two sharp diffraction peaks of (110) and (101) of IrO 2 are seen for the coating of 80 mol% Ir. These diffraction peaks were weaken with decreasing Ir ratio, and the coating of 50 mol% Ir showed depressed peaks of (110) and (101) films formed on quartz substrates by thermal decomposition of precursor solutions containing Ir(III) and Ir(IV) at 450°C had crystalline IrO 2 with one rutile phase showing a broad diffraction wave or with two rutile phases, one of which also showed a broad diffraction wave in the 2H region of (110) of IrO 2 . 43, 45 The broad base line at 50 mol% Ir shown in Fig. 1 is similar to those indicated in the literatures. They carried out the XRD measurements with a high resolution, i.e., very small step angle, possibly less than 0.005 degree, but this is not the case in this work and we used a titanium substrate which shows some diffraction peaks close to those of IrO 2 . Further XRD measurements with such a high resolution are needed and are being planned for IrO 2 -Ta 2 O 5 powders or the coatings on another appropriate substrate prepared through our process, especially the measurement with synchrotron radiation would be helpful to obtain more detailed crystallographic information. It is also noted that some differences of the coating structures would be arisen by different preparation conditions about solvent and source of iridium ions; e.g., we used H 2 IrCl 6 ·6H 2 O and n-butanol so that the hydration of iridium ions and the interaction of iridium and tantalum in the precursor solution are possible to be different from those under the conditions of the literatures. 43,45
Surface morphology
Surface morphologies of IrO 2 -Ta 2 O 5 coatings at low magnification (©1,500) are shown in Fig. 2 . A mud-cracked surface consisting of IrO 2 aggregates, flat areas, and cracks is commonly observed for those SEM images. However, some differences in IrO 2 aggregate and flat area were found by surface observation at high magnifications, as shown in Figs. 3 and 4 . Aggregated IrO 2 at 80 mol% Ir (Fig. 3A) is composed of about 100 nm cubic crystallites, while lower Ir ratio induces larger aggregates; the size of IrO 2 aggregates at 50 mol% Ir (Fig. 3D) is almost double at 80 mol% Ir. A more significant difference was revealed in observation of the flat area using low accelerated incident beam of 1 keV (Fig. 4) . The flat area of the coating at 80 mol% Ir is, actually, not "flat" and is a porous surface with nano holes and cracks (Fig. 4A ). This porous Electrochemistry, 83(4), 256-261 (2015) surface also comprises nano IrO 2 particles of 10 nm or less, as similar to those reported in the literatures. 43, 45 Although nano cracks disappeared at 70 mol% Ir or less, nano holes still existed at 70 or 60 mol% Ir (Figs. 4B and 4C) . It is noted that some flakes of 20-100 nm seen at 70 mol% Ir (Fig. 4B) are IrO 2 , which were observed in our previous study. 15 Nano IrO 2 particles were found at 70 to 50 mol% Ir, and such nano particles were uniformly dispersed on the flat area without nano holes and cracks as the Ir ratio was 50 mol% (Fig. 4D ). In addition, a few nano particles seemed to be combined each other so as to form a nano chain. The nano particles on the flat area in Fig. 4 are IrO 2 , which is guaranteed by the observation of BSE (back scattered electron) image at the same location of SE (secondary electron) image. 55 The SEM results have no contradiction to the XRD results that low Ir coatings showed a broad diffraction wave overlapped on weak peaks of (110) and (101) of IrO 2 . Furthermore, no report on such nano particles and chains of IrO 2 in IrO 2 -Ta 2 O 5 coatings by SEM has been published especially for the coatings prepared at the temperature as high as 470°C. Although SEM observation with low accelerated electron beam used in this study is useful to obtain morphological information of the outermost surface, as shown in Fig. 4 , there is a limitation on magnification because secondary electron intensity to the detector decreases with reducing acceleration voltage of incident beam. More highly magnified images and size distribution of nano particles by image analysis software are expected and being planned by optimizing the conditions of SEM Electrochemistry, 83(4), 256-261 (2015) observation and pretreatment of the coating surface such as surface cleaning. According to the literatures, [43] [44] [45] hydrated oxide phase governs the size and distribution of crystal grains because nucleation of the latter takes place in the matrix of the hydrated phases. Therefore, it is reasonable to expect that IrO 2 crystallites are embedded in Ta 2 O 5 matrix, 43 which would be the reason for uniformly dispersed nano particles shown in Fig. 4 . It is also noted that IrO 2 -Ta 2 O 5 is essentially an immiscible system so that enrichment of amorphous Ta 2 O 5 works to suppress nucleation and growth of IrO 2 .
Oxygen evolution behaviors
The voltammetric charge is widely used to evaluate the active surface area of thermally prepared IrO 2 -Ta 2 O 5 /Ti anodes 8, [23] [24] [25] [27] [28] [29] [30] [31] [32] [33] 36, 47, 48 and is also defined as a double layer charge for these binary systems. 30, 31 The double layer charge was determined by cyclic voltammetry in the potential range between 0.5 V and 1.0 V in this study, in which no Faradic reaction occur. Figure 5 depicts the cyclic voltammograms of the IrO 2 -Ta 2 O 5 /Ti anodes measured in 0.5 mol dm ¹3 H 2 SO 4 solutions at 25°C. The voltammogram obtained with each electrode was a square shape, and the double layer charge per unit surface area, C dl , for each voltammogram was calculated by the following equation,
where i is the current density based on the geometrical surface area of the electrode (1 cm 2 in this study). The results of the double layer charge were summarized in Fig. 6 , in which the double layer charge increased with decreasing Ir mole ratio. The anodic polarization behaviors of the IrO 2 -Ta 2 O 5 /Ti electrodes were also investigated by cyclic voltammetry in H 2 SO 4 solutions. Figure 7 shows the voltammograms obtained in the potential range up to 1.35 V. The anodic current corresponding to oxygen evolution increased with decreasing Ir composition, which means that oxygen evolution is enhanced with decreasing Ir ratio. The increase in double layer charge normally corresponds to that in active surface area so that it is reasonable to accelerate oxygen evolution with increasing double layer charge, which is proven by the normalization of the voltammograms shown in Fig. 8 . The current density on the voltammogram in Fig. 7 was divided by the Electrochemistry, 83(4), 256-261 (2015) double layer charge in Fig. 6 for each anode to normalize the voltammograms, in which the normalized voltammograms were almost overlapped. If the oxygen evolution current simply depends on the active surface area, the voltammograms can be overlapped by the normalization using double layer charges. Therefore, it can be concluded that the double layer charge reflects the active surface area for oxygen evolution on the IrO 2 -Ta 2 O 5 /Ti anodes.
Active sites for oxygen evolution
The size of IrO 2 aggregates at 50 mol% Ir is larger than that at 80 mol%, as shown in Fig. 3 , which suggests that the active surface area decreases with decreasing Ir ratio, if such large IrO 2 aggregates are dominant for oxygen evolution. On the other hand, reducing Ir ratio resulted in the flat surface without nano holes and cracks, and highly dispersed nano IrO 2 particles of 10 nm or less were generated at 50 mol% Ir. The generation of the highly dispersed nano IrO 2 particles resulted in increasing active surface area and acceleration of oxygen evolution. Therefore, the electrocatalysis of the IrO 2 -Ta 2 O 5 coating for oxygen evolution is possible to be attributed to nano IrO 2 particles. It should be noted that real surface composition, not nominal one or average one of the coatings, must be a significance accounting real electrocatalytic activity and the electrochemical activity also has a strong relationship to the electrochemical porosity, given by internal differential capacity per total differential capacity, because oxygen evolution on IrO 2 -Ta 2 O 5 coatings is considerably influenced by the inner accessible region of the porous/rugged of the oxide film. 27 Further investigation on the outermost surface composition and electrochemical porosity of the coatings comprising nano IrO 2 particles obtained in this study is needed to better understand the nature of electrocatalytic activity for oxygen evolution.
Conclusion
SEM observation using low accelerated incident electrons revealed nano holes and cracks on the flat area of IrO 2 -Ta 2 O 5 coatings and the presence of nano IrO 2 particles of 10 nm or less. The oxide composition significantly affected the morphologies of IrO 2 aggregates and flat areas, and the decrease in Ir ratio resulted in highly dispersed nano IrO 2 particles and chains on the flat area with no nano holes and cracks. The active surface area and oxygen evolution current increased with reducing Ir ratio so that the electrocatalysis of the IrO 2 -Ta 2 O 5 coatings for oxygen evolution is possible to be attributed to nano IrO 2 particles. Electrochemistry, 83(4), 256-261 (2015) 
